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I. INTRODUCTION

A
Today there exists a need to be able to process increasing amounts of

data at rates beyond the capabilities of existing purely electrical networks.
To meet this need, networks which transmit data via an optical carrier rather
than an electrical one are being developed. A necessary component of an
optical network is a small, easily modulated source of coherent light. The
only such source available is a laser diode.

The first laser diode to operate continuously at room temperature was a

double heterostructure (DH) (Al,Ga)As/GaAs laser prepared by liquid phase
epitaxy (LPE)?“AMuch effort was subsequently devoted to reproducing those
results by molecular beam epitaxy (MBE). MBE offers several advantages over
LPE, such as control of composition and impurity profiles to atomic
dimensions. Layers can be grown on larger substrates and with a high degree
of uniformity and reproducibility that is not possible with LPE. Despite
these advantages, it was six years after the first continuous room temperature
operation of an (Al,Ga)As/GaAs DH laser that a similar laser prepared by MBE

.

was reported.zﬁ'rhe first MBE 1lasers typically had threshold current

densities, Jth’ about twice as large as similarly designed LPE lasers.
Another three years passed before the art of MBE advanced to the point where
it became possible to achieve laae(r: performance equal to the LPE 1aser§;3'
The presence of non—radiativs recombination centers in the bulk
(Al,Ga)As layers was shown to make a signifficant contribution to the high

o

threshold current densities in MBE lasers\.* f'x’he source of these centers is

v T .v
believed to be oxygen, which is readily incorporated at a growing (Al,Ga)As /
surface because of the high reactivity between oxygen and aluminum. Oxygen is

present in the growth chamber as CO, Hzo and 02. To overcome this problem,

MBE systems were redesigned to have growth chambers which could be isolated

v—— 3
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2
from a sample introduction chamber and kept in an ultra high vacuum (UHV) at
all times, A liquid nitrogen cryoshroud was incorporated to freeze out any
remaining traces of condensible atmospheric contaminants. These, and other,

design improvements made it possible to prepare laser quality material with

MBE.

" To date, however, the only lasers to be prepared by MBE have been
fabricated from lasers grown in oustom built systems. To demonstrate the
feasibility of moving MBE grown lasers from a research to a production
oriented basis, this thesis describes the preparation of DH (Al,Ga)As/GaAs
laser structures in a commercially available system. Broad area lasers with
threshold current densities as low as 1.4 x 103 A/cm® and a differential
quantum efficiency of U454 when operated CW at room temperature have been

prepared. These values compare favorably with similar commercial devices

currently available for use in optical communication systems.
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II. MOLECULAR BEAM EPITAXY

Molecular beam epitaxy (MBE) is an ultra-high-vacuum deposition
technique applied primarily to the growth of compound semiconductor
1ayers.5'6’7 Growth is achieved by impinging thermal beams of semiconductor
and impurity elements upon a heated substrate. III-V compound semiconductors,
such as GaAs, can easily be grown by maintaining a stoichiometric excess of
the column V element. In this case, the growth rate will be determined by the
arrival rate of the column III element or elements in the case of ternary
compounds, such as (Al,Ga)As. Similarly, the doping levels can be controlled
by adjusting the flux of the appropriate dopants. Abrupt changes in
composition and doping profile can be achieved by using mechanical shutters in
front of sources to control the initiation and cessation of any molecular
beam. This is possible because the growth rates are on the order of two
angstroms per second and thus the shutters can be actuated in much less tiume
than it takes to grow a single monolayer. Sharp profiles are typically
maintained at the low growth temperatures (450 to 700°C) used during MBE
growth. Both liquid phase and vapor phaée epitaxy require substrate
tempeératures in excess of 800°C where diffusion of impurities during growth
can be significant.

The MBE system at the University of 1Illinois is a comnercially
available research-oriented machine. This system is composed of three
separate vacuum chambers, as illustrated in Figure 1. The chambers can be
isolated from one another by gate valves. Facing the front of the system, the
analysis chamber is on the right hand side and is equipped with an Auger
electron spectrometer. The growth chamber is on the left hand side and is
equipped with a Quadrupole Mass Analyser (QMA) and High Energy Electron

Diffractometer (HEED). A small sample introduction chamber is located in the
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center., Tne introduction chamber can be brougnt up to atuospneric pressure

independently of the growth chamber and analysis chamber. This allows samples

to be loaded into tne system without exposing the other chambers to
atmospheric contaminants such as oxygen, water vapor and carbon wconoxide. The
small size of the chamber allows for rapid pumping down to a base pressure of
1 x 1078 torr (1.3 x 1076 pascal).

After the base pressure has been achieved, the gate valves can be
opened to allow samples to be transferred frcm one chanber to another. This
is accouplished by iwmeans of a magnetically coupled transfer rod possessing
translational and rotational freedom. ‘lhen not in use, the transfer rod
resides entirely in a steel sleeve extending outward from the analytical
chauber. The magnetic coupling enables travel along and rotation about tioe
leng axis of the system. The primary advantage of the magnetic coupling is
that it maintaias the vacuum in the system without the couplexity of a bellows
aechanis.

‘ The growth chamber is approximately hewispiaerical and a detailéd
scnematic, as viewed frois above, appears in Figure 2. Sauples are aounted on
a cearousel located in the ceat2s o the growth caauber, The carouse:
poOssaesses several degrees of freedon by utilizing several uechaaical
oellows-type feedthrougns. The sauple can be rotated in the plane wuaich
bisects the growtn chamber. It can be positioned in an x-y-z Craue adout the
center of the chauwber and it czn be rotated about an axis perpendicular to thne
plane of the substrate. During the transfer process, the c¢arocusel is
positioned to face the introduction chamber. Once tile sauple block is ouated
on the carousel, tne transfer rod is witihdrawn, the zate valve is closed aad

thne sauple i3 rotated to face the opposite wall of the Jrowta chaubder.

Jounted in this wall are two tiers of effusion cells.

AP . A T P\ P T N T N” ) RET
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7

The effusion cells are ovens in which the semiconductor and dopant
source charges are vaporized. They are positioned with the upper tier 5°
below horizontal and the lower tier 21.5° below horizontal. 1In addition, they
are positioned as close to horizontal as is practical to prevent the cells
from being contaminated by material flaking off the walls of the growth
chamber and falling into the cells. This is a significant problem because a
large fraction of the molecular beams are deposited on the walls of the growth
chamber.

The effusion cells are made of high purity pyrolytic boron nitride
crucibles mounted in resistance heated furnaces. The temperature of the cell
is measured by a tungsten/rhenium thermocouple butted into a depression in the
bottom of the crucible. The thermocouple provides an input signal to a
regulator controllng the power delivered to the furnace. The temperature can
be regulated to better than one degree Celsius in this manner. Each furnace
is thermally isolated by a liquid nitrogen cryoshroud which continues around
to envelope the entire growth chamber. The cryoshroud serves the second
function of ensuring that the excess flux from the effusion cells is adsorbed
on the walls of the shroud during a growth. If this were not the case, excess
dopants would build up in the growth chamber ambient, causing doping to
persist after the dopant flux was terminated.

Other features of the growth chamber include a main shutter, an ion
gauge, a HEED system and a QMA. The main shutter is designed to block the
flux paths of all of the effusion cells simultaneously and is used to injitjate
and terminate the growth. To initiate the growth, the individual shutters for
the requisite elements are opened. The main shutter is then opened, which
ensures that the arrival of beams at the substrate surface is synchronized.

Similarly, to terminate the growth, the main shutter is employed to
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synchronously terminate the beams.

A nude Bayard-Alpert ion gauge located behind and offset to one side of
the sample as it faces the effusion cells. The primary function of the ion
gauge is to monitor the As flux. To obtain high quality GaAs, an excess of As
must be mairtained, and its partial pressure in the growth chamber must
constitute at least 75% of the total pressure. This allows the As flux to be
maintained at the desired level by simply maintaining the pressure in the
growth chamber at a predetermined level.

The QMA is located immediately above the sample in the growth chamber
and is used to make accurate determinations of the relative flux ratios during
growth. The QMA can be used to determine the As/Ga ratic necessary to
optimize the growth of GaAs. It can also be used to determine the AlAs mole
fraction when growing (Al,.Ga)As since the mole fraction is proportional to the
Al/Ga flux ratio. 1In some respects, however, the QMA is of limited use
because it tends to become saturated if left in the growth chamber for several
growths., Furthermore, once the conditions are known to obtain a given flux
intensity, they are extremely reproducible over long periods of time and the
use of the QMA may not be required at all times.

HEED is employed to observe the surface structure of the crystal prior
to and during growth. Prior to growth. it can determine whether the surface
oxide layer is desorbed by the thermal outgassing of the crystal.
Subsequently, it can be used to determine if the crystal growth is single
crystalline. If a compositional change is made during the growth which

produces an interface at which a lattice mismatch can occur, the transition

can be monitored to ensure that single crystal growth is maintained.
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After a crystal is grown, in-situ analysis of the film can be performed
in the analysis chamber. The analysis chamber has a ceatrally located sample
carousel which is used to position the sample in front of the Auger electron
spectrometer. The carousel sample mount incorporates a resistive heating
element which allows studies of the surface at temperatures above room
temperature,

Because an oxide layer cannot grow in the vacuum system, an in-situ
Auger spectrometer also facilitates studies of the effect of annealing on thin
films. A film can be grown in the growth chamber, transferred to the analysis
chamber, and an Auger spectrum taken. Subsequent annealing is done after the
sample is returned to the growth chamber so that the annealing can be done
under As rich conditions., This is necessary because GaAs decomposes at high

temperatures (about 550°C) by the preferential loss of As from the surface.
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III. SUBSTAATE PREPARATION AUD EPITAXY

The substrates used for !IBE are typically (001) oriented Gads wafers,
fifteen to thirty wils thick. Substrates intended for field effect transitors
are Cr doped and semi-insulating. Substrates for lasers or otner opticel
applications are Si doped and n-type. Si doped substrates are chosen for
optical applicztions because they can be produced with very low eteh pit
densities. After the appropriate substrate is selected, the first stepr in
preparing it for epitaxy is to degrease it in a series of organic solveants.
Substrates are cleaned, in order, in boilinz trichloroetnane, tricaloroethane,
acetone, nethanol and deionized water. If the wafer is initially unpolished,
a wmirror surface is obtained by polishinz the wafer on a peilon clothh soaxed
in a weak solution of bronine-uethanol.

Iunediately before the substrate is loaded into tae systew, it is
cleaved into square samples two and a half centizeters on a side. Tae {(CO01)
wafers can be easily cleaved along the (110) planes whicn are wutually
perpendicular as well as perpendicular to the (001) direction. After
cleaving, tae supstrate is placed in a sulfurie acid/hydroge:n
peroxide/deionized water etcn which is intended to remove the top tea to
tweiaty aicrons from the surface of the wafer. The substrate is subseguently
rinsea in deionized water and then placed in hydrochloriec acid for
approximnately one ninute to passivate tne surface against oxidation. After a
final rinse in deionized water, the substrate is dried witn a dry nitrozen jet
and mounted on a molyodenum sample block.

The introduction chamber is isolated frou the growtn and analysis
chaabers and Dpackfilled with dry nitrogen. The bacsrilling winiuiczes

contaanination of the introduction chauber with oxyzen and water vapor whilia

tile caauber is open. Access to the introduction chamber iS5 tarouzia a six iach
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vacuum flange. The flange is reuwoved, sausples which have epilayers grown on
tneu are reamoved, and the blocks with new substrates are loaded. Tne six iach
flanze is imisediately replaced and the pump-down cycle is initiated. Tae
puuping proceeds in three stages. A xechanical puup 1s used down to a
pressure of ninety torr (1.2 x 10" pascal) at which point a b;nk of sorbtion
punps used in series lowers the pressure to less than 1 x ‘IO'3 torr (1.3
pascal). The ion pump is then turned on, whica puaps the introduction chauber
to a pressure of 1078 torr (1.3 x 10'6 pascal) in four hours. A pressure in
the low 1072 torr (1.3 x 10”7 pascal) range can be achieved in twenty-four
nours. If faster puaping speeds are required, the titaniuw sublipmation puxp
can be used.

Shortly after the ion puxps are turned on and the pressure in tae

-4 pascal), tae

introduction chamber is about 1 x 1070 torr (1.3 x 10
substrates are tnerwally outgassed to reuove surface contaminants and oxides.
After outgassing, the substrates are left in the introduction cheauber until

8 torr (1.3x10.6

tne pressure reaches 1 x 107 pascal). AL tnis point, tae
pressure is typically less than that in the zgrowin cnazber and tie substrate
can pe transferred to the growth cnamoer with a niniuum of cross-contamination
of residual atwospheric gases remaining in the preparation chauber.

With the substrate in the zrowth chauwber, the carousel is adjusted 3o
that the center of the substrate is located at the focal poinl of the effusion
cells., The liquid nitrozen cryoshroud is filled aad tne pressure in tae
Jrowta chawber drops to xid 10'10 torr (1.3 x 10'8 pascal) ranze. \ita the
shroud cold, tine ef'fusion cells are heated. Typiczlly, the effusion cells are
outzassed by briefly raising the temperature of each cell to a poiat tea o

fifty degrees above the temperatures reguired for epitaxy. At'ter outjassing

the effusion cells, tne substrate 1is h2ated and outzassed at a tewperature

T

vy
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between 615 and 630°C. Experiments with HEED and Auger electron spectroscopy
indicate that the amorphous oxide layer on the crystal surface desorbs at
530°C (Ref. 8). The temperature is immediately reduced after it reaches the
outgas temperature which is measured by an infrared pyrowmeter focused on tne
crystal surface. As the temperature approaches the growth temperature, the
main shutter is closed in preparation to starting the growth.

With the main shutter closed, the individual snutters covering the
effusion cells are opened. Growth is then initiated by opening the main
shutter. During the growth, dopants can be turned on and off by opening and
closing the appropriate snutters. The University of Illnois' systea employs
two As cells, a Ga cell and an Al cell for III-V eleament sources. N-type

9,10 and the p-type dopant used  is 13e.”'12 The

dopants are Si and Sn,
individual shutters can be actuated manually or by an zutowmatic shutter
controller.13 Due to low growth rates, graded doping and compositional
profiles are possible. This is achieved by manually varyinz the set
teuperzture of the effusion cell temperature controller. The autouwatic tiuer
has four channels which can be set to open and close shutters in =any
predetermined sequence., To grow uultilayer structures such &s superlattices,
the timer can be set to cycle through the sequence up to §,999 times.

The impurity doping levels in the epilayer are deteruined by the growta
rate of the crystal and tne flux density of incident impurity atous. The beau
fluxes are exponentially dependent on temperature over the ranges of interest.
The exact dependence must be determined empirically for eacn dopant beczuse
the flux depends on tne design of the pyrolytic boron nitride crucible and tue
amount and type of the source material in it. Once the relationship had been

deteruined, it could be represented in a readily usable foru as a straight

line on a semilog grapn with the doping level norualized to a one wicron per




1

13

W hour zrowth rate.

Termination of the growth is accouplished sisply by closing the main
sahutter and turning off the power to the substrazte heater. 1In this fasnion
the beams are simultaneously interrupted and the surface of the c¢rystal is
effectively frozen. Tue temperature of the mounting block is observed to drop

over two hundred degrees in less than a ninute as measured by a theruocouple

butted against the back face of the block.

| S
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IV. LASERS: DISCUSSION

The laser diode is becoming an important component in nodern'
communication systems. The advantages of the laser diode are its small size,
the capability of easily modulating the light output with an electrical signal
and its future potential for integrated optical circuits.w Presently, most
laser diodes are fabricated as discrete devices and the performance of the
laser is dependent upon both the quality of the semiconductor material from
which it is made and the device "geometry"™ of the laser. The first laser
diodes were prepared by liquid phase epitaxy (LPE) and lased only when pulsed
at cryogenic temperaures (£ 78 K). Improvements in the design of the laser
structure led to CW operation at room temperature. Research is now directed
toward lowering the lasing threshold current density and tailoring the
wavelength of the output radiation for specific applications. LPE is limited
as a growth technique because it can utiiize only a small substrate area, as
well as having layer thickness control down to only about 100 f. MBE can be
used to grow on much larger substrates and layers can be grown with monolayer
accuracy (2 - 3 R). Despite the inherent advantages of MBE, only in the past
few years has it been possible to obtain lasers comparable to and better than
similar LPE grown lasers.

Semiconductor lasers must be made of direct bandgap materials. In a
semiconductor laser, photons are generated by the direct recombination of
electrons in the conduction band with holes in the valence band. In an
indirect semiconductor recombination must proceed via a two step process
involving both a photon and a phonon to conserve momentum. Consequently, the
probability for recombination in an indirect semiconductor is small enough
that competing non-radiative recombination processes make it impossible to

generate enough photons to achieve lasing. Lasing has been observed in many

e e
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direct gap coupound semiconductors. The first laser diode was made of Gais
and today most laser structures incorporate a GaAs active region clad by
(Al,Ga)As confining layers in a double heterostructure configuration.

To undarstand the advantages of I{BE and the difficulties which had to
be overcoae, an understanding of how lasing is accomplished in a seaiconductor
is necessary. Lasing implies that tne output radiation is coherent and thatl
the zain at least equals the losses. This will occur if an inverted electron
population can be gaintained in a low loss Fabry-Perot cavity. Aa inverted
electron population is illustrated in Figure 3 for a seuiconductor at 0 K.
Electron-hole recoubination will produce photons of frequeacy, v, such that hy
-~

E_ where h is tne reduced Planck's constant and EE is the band gap energy of

3

the semiconductor. If the quasi-Ferui levels for electrouns aad noles, Fe and
Fh’ are sucn that Fe - F.‘1 Z 2 kT then the stiwulated euission will dominate
over spontaneous emission of photons.15 Pnotons emitted by stizulated
enission are in phase with stiaulating photons. In a sewmiconductor,
recombination can take place between several different pairs of ener,y levelas,
hence the output radiation 1is not wmonochromatic. The purpose of the
Fabry-Perot cavity is to select a single frequency and auplify it to the point
where the zain exceeds the losses and lasing occurs.

A siuple Fabry-Perot cavity, such as tnat employed in tie first laser
diodes, is depicted in Figure 4. It is a small rectangular slab containinj
the junction plane of the diode. The ends perpendicular to the long axis wust
be parallel and be partially reflecting nmirrors. The ends perpendicular to
the saort axié may be rough or mirrors. Waen the leagta of vhe cavity is
equal to an iatezral number of half wavelengtns, a standing wave is set up in

the cavity. If the sides parallel to the long axis are mirrors, then standiag

waves 1iavelving reflections frow all four walls are possible. Lasing occurs
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at wavelengths for waich standing wave modes in the cavity exist.

Given an appropriate Fabry-Perot cavity, it is also necessary to
acnieve net gain in the cavity in the coherent light zenerated. If lignt with
an intensity of Io is emitted from a point in the center of a cavity of lengta
£ it wmust travel to one end of the cavity where a fraction R1 is reflected
back into the cavity. The light tnen travels to the other end of the cavity
where a fraction Ra is reflected back to the point of origin. For lasing to
occur, the total zain must at least equal the losses, which implies tinat the
intensity, I, of the light returninz to the point it was emitted from must at
least equal Io' In p-n Jjunction laser diodes where the population iaversion
is maintained by the forward current, the threshold current deasity necessary

to achieve the above condition can be shown to be

1 1
* s b (R1“2>

where a is the loss coefficient per unit length and B is tne zain factor in

]
|
w(R

A/cm.’u Usiagy this equation, the basic requirements of fabricating a
Fabry-Perot cavity can be discussed.

An optical cavity with umirror ends is easy to fapricate if the p-a
Junction is zrown on a (100) oriented Gais wafer. By cleaviang along the (110)
planes, a rectangular cavity with plane parallel edges can be foruwed. Due to
the high index of refraction of GaAs, the reflectivity of the Gads/air
interface is approxiwmately 0.32. Once tne cavity is forued, the next wuost
iuportant factor in deterwining the thresnold curreat density is tiae loss
coefficient . The electron population iaversion is uaintained only near tae
Junction. GClectrons are free to diffuse away frow the Jjunction aand there is

very little optical confinement so that much of tne light is radiated into the
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bulk material, away from the junction and reabsorbed. Further losses arise if
there is a significant trap concentration giving rise to non-radiative
recombination., The first two loss mechanisms can be reduced by placing the
thin "active” layer of GaAs between confining layers of (Al,Ga)As with the p-n
Junction being at one of the heterointerfaces. (Al,Ga)As has a larger bandgap
and refractive index than GaAs so that the (Al,Ga)As layers confine both
electrons and light in the GalAs layer.

Further carrier confinement is achieved in the "proton bombarded stripe
geometry" laser.16 To fabricate a proton bombarded stripe geometry laser, a
small rectangle is cleaved from a wafer with a DH laser structure. A stripe
of gold is deposited along the lasing axis. The surface is then bombarded
with protons of energy sufficient to disorder the crystal down to but not
including the active GaAs layer. The gold stripe acts as a mask and the
crystal beneath it is undamaged. The gold stripe is then used as the contact !
to the surface side of the diode and current is constrained to flow vertically i
under the stripe. If the bombardment damage extends into the active layer,
nonradiative recombination at the damage/no damage interface increases the
threshold current density, especially for narrow stripes.17 The purpose of ]
the stripe geometry is to reduce the number of higher order transverse modes 3
and consequently narrower stripe widths are desirable.

Given comparable stripe geometry lasers fabricated by LPE and MBE, one

would expect better performance from MBE grown wafers. Sn doped GaAs, whicn

is commonly used as the active region in DH lasers as characterized by
photoluminescence properties, can be grown with better qualicy.by MBE than
LPE.18 Also, MBE has the advantage of much better control over the layer
thickness and uniformity. The difficulty encountered in achieving DH lasers

is the presence of deep level traps in (Al,Ga)As layers.u Aluminun is highly
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reactive and residual 02, CO0 and HZO in the MBE growth chamber will lead to

traps due to the incorporation of oxygen. The presence of these recombination

centers in bulk (41,Ga)As can account for the observed poor performance of DH

lasers prior to 1978. Improved system design and the discovery that higher

growth temperatures significantly reduce deep level trap concentrations

brought forth MBE grown lasers with performance superior to LPE grown lasers.




V. LASZAS: RESULTS AUD SUIARY

Both broad area and stripe geouetry lasers were fabricated froa double
heterostructures zrown at the University of Illinois. Figure 5 is a scanaing
electron aicrograph of the (110) cleaved cross-section of a DH laser structure
and Fizure 6 shows scnematically the time-temperazture sequence used in growiaj
this structure. The solid lines indicate effusion cell temperatures when tne
cells are open and broken lines indicate teaperature of the cells wnen
shutters are closed. All layers were grown on Si doped GaAs substrates, tae
prepzration of which has already been described. The GaAs gzrowta rate wes
0.77 ua/hr and the Al flux was adjusted to obtain a 307 AlAs wole fraction.
The supstrzte temperature was neld at 600°C for the srowinl cof n-type layers
and 625°C for tae active layer and p-type layers.

The layer thicknesses are delineated in Figure 5, except for the
initial GaAs buffer layer which is grown to avoid aany effects due to inferior
quelity suostrates. The only iaportant dinension in the structure is the
active layer thickness which is 2,300 f. The purpose of tne surface (Gads
layer is to facilitate the formation of an onuic contact to the diode.

Tne broad area lasers were fabricated with a cavity lengtn of 380 pa
and a cross-section area of about 5 x 10'“ emz. Current densities as low as
1.4 x 103 A/cmz were obtained. Figure 7 shows the current-voltage
characteristics of a broad area laser. The horizontal scale for forward bias
is 0.5 V/div and that for reverse bias is 2 V/div. The vertical current scale
is 0.5 uwA/div in bota cases. Figure &8 is a typical lizht-curreat
characteristic for a laser under pulsed operation. The sharp wurn-on
indicates a differential quantun efficiency of approxiiately USi. Prcton
bouvarded stripe jeometry lasers witin 5 wm x 350 un stripes were also

fabricated. A thresnold current density of 8.5 x 103 A/cu2 was ovtajned. A
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Figure 6. Temperature-time cycle used to grow
the GaAs-AlyGaj_yAs DH lasers.

So0lid lines indicate open shutters:
dashed lines indicate closed shutters.
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typical current density value for similar lasers prepared elsewhere by MBE is
6.5 x 103 A/cmz (Ref. 19). The light-current characteristics for a typical
stripe geometry laser being run CW at 300 K are shown in Figure 9. Curves (A)
are the light-current characteristic at each mirror, curves (B) and (C) are
first and second derivatives, respectively, of the voltage-current
characteristic.

In summary, both broad area and proton bombarded stripe geometry lasers
have been fabricated from layers grown in a commercially available molecular
beam epitaxy system. The low threshold current densities exhibited by these
lasers demonstrate that MBE is a technology which can successfully coupete
with LPE in producing state-of-the-art optical devices. MBE has the advantage
of being the more efficient technology in terms of yield per substrate and

reproducibility.
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{ Figure 9. (A) Light current characteristics from each mirror,

’ (B) the first derivative and

. (C) the second derivative of the voltage with respect

( to current versus current for a typical stripe geometry
laser operating CW at room temperature.
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